Abstract-We identify two engineering solutions to mitigate light-induced degradation (LID) in
I. INTRODUCTION
P ASSIVATED emitter and rear cells (PERC) offer theoretical cost advantages relative to ubiquitous aluminum backsurface field (Al-BSF) devices [1] . However, PERC devices incorporating certain types of p-type multicrystalline silicon (mc-Si) wafers exhibit light-induced degradation (LID), reducing power output at the maximum power point (MPP) by more than 10% relative in severe cases. Developing engineering solutions and identifying the root causes for this LID may accelerate industrial adoption of PERC, with projected manufacturing cost savings ($/W).
Ramspeck et al. [2] observed LID in p-type mc-Si PERC, exacerbated by elevated temperatures between 50 and 95°C. The authors ruled out boron-oxygen (B-O) and iron-boron (Fe i -B s ) point defects as root causes for this LID by replacing boron doping with gallium and observing the persistence of the LID. A material dependence was observed: LID was most pronounced in mc-Si, less pronounced in seeded cast monocrystalline Si (although significant variation between different cast monocrystalline Si was observed), and least pronounced in monocrystalline silicon grown by the Czochralski method (Cz-Si).
In [3] and [4] , the power loss due to LID in PERC, metal wrapthrough (MWT) [5] , and Al-BSF devices was quantified. They found that degradation was most pronounced for PERC, weaker for MWT, and weakest for Al-BSF and hypothesized that the observed LID was due to degradation of the alumina (AlO x ) surface passivation quality. Further, in [4] , it was noted that local degradation appeared stronger in areas of high dislocation density.
In [6] , stronger LID in p-type mc-Si PERC devices were observed than in both mc-Si and Cz-Si Al-BSF devices, as well as p-type Cz-Si PERC. They also noted larger power loss when light soaking at higher temperatures. Regarding root cause, they observed no clear correlation between LID and interstitial oxygen concentration, contrary to previous observations of the B-O defect. The maximum degradation and the degradation rate were also inconsistent with dissociation of Fe i -B s pairs. In contrast with the hypothesis from [3] and [4] , they observed similar degradation of minority-carrier lifetime for both AlO x /silicon nitride (SiN x ) stacks and SiN x alone, suggesting a degradation of bulk lifetime instead of surface passivation. They were light-soaked at different conditions, corresponding (from low to high) to short-circuit current, MPP, and open-circuit voltage conditions, and observed increased degradation with increasing injection level. They further observed similar degradation for devices illuminated at MPP and devices held in the dark and injected with current equivalent to MPP. Thus, excess electron density-and not a property unique to light-was implicated as the key to activating the degradation. The authors also observed a regeneration of the defect after extended exposure to illumination and elevated temperature. Finally, they noted that with "defect engineering," they were able to reduce the degradation to <1% (relative) over 1000 h of illumination at elevated temperature.
In summary, several researchers have reported LID in p-type mc-Si PERC during the last year that exhibit the following similarities: 1) Module power loss to LID in p-type PERC is more severe for mc-Si substrates than Cz, and 2) time constants across several papers are distinct from well-known Fe i −B s and B-O defect kinetics. The LID reported by different researchers may have similar or different origins, as there are likely uncontrolled variations in mc-Si wafer quality, cell processing conditions, device architectures, and LID generation conditions.
Here, we present new observations of similar LID in industrial mc-Si PERC modules and cells. We provide evidence for strong bulk lifetime degradation. We describe two engineering solutions that minimize this degradation and discuss new evidence to identify the root cause of this defect.
II. CHARACTERISTICS OF LIGHT-INDUCED DEGRADATION IN p-TYPE MULTICRYSTALLINE SILICON PASSIVATED EMITTER AND REAR CELLS
All wafers used in this study are p-type mc-Si grown by directional solidification, with thickness 180-200 μm, and borondoped to a resistivity of 1.0-2.0 Ωcm. When specified, different feedstocks and crucible purity are employed. The cell process includes a saw-damage etch, POCl 3 diffusion with sheet resistance 80-100 Ω/ , wet chemical edge isolation, plasmaenhanced chemical vapor deposition (PECVD) SiN x and AlO x (PERC only), local contact opening (PERC only), front and back screen print metallization, and metallization firing. When not specified, metallization firing peaks at a nominal (setpoint) temperature of 910°C. The actual (thermocouple-measured) and nominal temperatures differ by ∼ 100
• C. Sixty-cell experimental modules of Al-BSF and PERC devices are exposed to sunlight outdoors (hereafter, sun-soaked) for up to 60 days in Singapore [see Fig. 1(a) ]. Module temperature is recorded using a thermocouple through the module backsheet. The highest 10% of recorded PERC temperature values are between 50 and 61.8°C [see Fig. 1(b) ]. During sun soaking, modules are maintained at either open-circuit or shortcircuit conditions. Electroluminescence (EL) images of a PERC module before and after sun soaking at open circuit are shown in Fig. 1(c) and (d). EL images are acquired at short-circuit condition at the same current level, as it is a standard practice in module reliability studies, and shown with the same grayscale contrast. After sun soaking, EL shows ubiquitous and significant degradation (see Fig. 1(d) ).
The module power loss over time is quantified (see Fig. 2 ) for a baseline Al-BSF module sun-soaked at open circuit, a PERC module sun-soaked at open circuit, and a PERC module sun-soaked at short circuit. At open circuit, PERC modules show degradation greater than 10% relative after 56 days of sun soaking. The Al-BSF modules and the PERC module at short circuit show degradation of about 3% after 56 days. Power measurements presented throughout this study reflect module power at MPP, measured indoors at 25 ± 2
• C, using cell efficiency varies by <0.07% absolute between the two firing conditions. LID after 50 days is markedly lower at lower peak metallization firing temperature-from ∼8% at 960°C to <3% at 860°C, which is better than the Al-BSF open-circuit baseline, as shown in Fig. 2 . crucible linings of different quality. The wafers are all boron doped to 1-2 Ωcm and processed identically with a peak metallization firing temperature of 910°C.
B. Modify Multicrystalline Silicon Wafer Type
The module with wafers from ingot A shows significant degradation, exceeding 10% relative power loss, while modules with wafers from ingot B degrade less than 3.5% after 56 days, comparable with the Al-BSF reference degradation. These observations suggest that degradation can be minimized by selecting appropriate mc-Si. One observed difference between the ingots is lower total metal concentrations in the one that exhibits lower LID.
C. Low-Degradation Passivated Emitter and Rear Cells: Field Test Results
Modules made with PERC devices fired at a lower peak temperature and Al-BSF baseline modules are operated in the field in Singapore for six months: June through November. Prior to the mounting and loading, these modules are sun-soaked at open-circuit condition for three weeks, and the observed PERC module power loss is only 2.03%, from 273 W p before sun soaking to 267 W p after three weeks of sun soaking. Fig. 5 shows the annualized energy yield of the Al-BSF baseline (gray) and PERC (red) modules during the six consecutive months. The PERC module performance sometimes exceeds and is always within 1% of, that of the Al-BSF module.
IV. ROOT-CAUSE ANALYSIS FOR PASSIVATED EMITTER AND REAR CELL LIGHT-INDUCED DEGRADATION
To explore the root cause of module-level LID, we extract semifabricates at various stages of the PERC process for further characterization (see Fig. 6 ). Outdoor sun soaking is replaced by a laboratory-based temperature-monitored LID tool equipped with Halogen lamps (see Fig. 7 ). The temperature uniformity of the tool is within 10°C (i.e., the corner of innermost cell is measured by an IR sensor to be 75°C, while the outer corners of outermost cells are 65°C). 
A. Case for a Ubiquitous Point Defect
To examine the spatial distribution of LID with spatial resolution superior to module-level EL (see Fig. 1 ), we map the lifetime of the semifabricates at several different steps with microwave photoconductivity decay (μ-PCD, 905-nm laser, 300 K, 1-mm step size, and ∼ 10 16 carriers/cm 3 ). Vertically adjacent wafers are processed through the point of metallization firing without paste, with pairs fired at 750, 850, and 950°C. After firing, we subject one sample from each firing temperature pair to light soaking at 65-75°C with an illumination of 0.9-1.1 suns for 168 h (seven days). Lifetime is measured before firing, after firing, and after light soaking. The ratio of degraded lifetime to undegraded lifetime is also calculated (low valuesdarker regions-indicate areas of high degradation). Results are summarized in Fig. 8 .
Consistent with the observed module power loss shown in Fig. 3 , the lifetime degradation is most severe for the wafer fired at the highest temperature, and it appears to occur fairly ubiquitously, although the effect is most pronounced in grains with high intragranular lifetime. In the ingot edge region (rightmost side of the μ-PCD maps), the lifetime is already low (likely limited by interstitial iron [7] , [8] and precipitated metals [9] - [12] ) and does not appear to degrade significantly.
B. Case for a Reversible Bulk Defect
In this section, we examine if the LID described in Section II can be attributed to a bulk or surface defect and if it is reversible. The 750 and 950°C wafers from Fig. 8 are chemically etched using CP4, removing 14 μm of Si from each wafer, including the passivation layers and emitter. To avoid additional annealing steps, which could change the defect state(s) and to measure bulk lifetime, one sample at a time is submerged in 50 ml of hydrofluoric acid (HF) to passivate the wafer surface [13] . We measure lifetime by quasi-steady-state photoconductance (QSSPC) using the Sinton Instruments WCT-120.
From the HF-passivated QSSPC measurements, we observe that undegraded lifetime of the 950°C firing is lower than that of the 750°C firing (see Fig. 9 ). The degraded lifetime for the wafer fired at 950°C is much lower than that of the undegraded state, while the lifetime of the 750°C firing remains unchanged. The degradation observed in the μ-PCD maps persists even after the emitter and original dielectrics are removed and HF is used for the passivation.
Subsequently, these bare wafers are repassivated by an AlO x /SiN x stack. During passivation stack formation, the samples are subjected to dark anneals of 200°C for 60 min, 300°C for 5 min, and 350°C for 10 min. After this repassivation, the measured lifetime of both 950°C fired samples recovers to values above the undegraded condition. The measured lifetimes of the 750°C -fired samples also increase slightly.
From this pair of experiments, we first conclude that a bulk degradation effect dominates the LID observed in previous sections, although a compounding surface-degradation effect cannot be excluded. Second, we conclude that the LID effect is reversible by annealing, and we note that upon reexposure to light and temperature (not shown), the lifetime again degrades.
C. Shockley-Read-Hall Analysis
The fact that degradation occurs ubiquitously is reversible and appears to be mainly a bulk effect (see Sections IV-A and IV-B) is consistent with a point defect (possibly involving one or more atoms) that is fairly homogeneously distributed throughout the wafer.
Some characteristics of this LID defect can be determined by lifetime spectroscopy. In [14] , a parameterized ShockleyRead-Hall (SRH) [16] , [17] recombination model for defects in silicon is proposed that enables the extraction of electron to hole capture cross-sectional ratio k as a function of defect energy E from injection-dependent lifetime data.
Here, we apply this lifetime spectroscopy method to identify which defect(s) might be causing the LID observed in wafers that were fired at high temperature and subsequently degraded after light or sun soaking. We apply the method to the undegraded and degraded wafers fired at 950°C shown in the μ-PCD maps of Fig.  8 with the emitter and dielectrics that are present during firing still intact. We measure injection-dependent QSSPC lifetime, alternatively known as injection-dependent lifetime spectroscopy (IDLS). The SRH (bulk) lifetime as a function of injection level is estimated by removing the emitter recombination using the J 0e approach described by Cuevas [18] and removing the con- tribution of the intrinsic recombination (radiative and Auger) using Richter's model [19] . The undegraded wafer has a J 0e = 5.75 × 10 −14 A/cm 2 and the degraded wafer has a J 0e = 4.76 × 10 −14 A/cm 2 . In Fig. 10 , the extracted SRH lifetime is shown as a function of the parameter X, which is the ratio of electrons to holes at each injection level [14] . The curve clearly shows a nonlinear behavior, indicating the presence of more than one lifetimelimiting defect. Fitting for two defects (the combination of two lines) produces a good fit in both samples. Note that these fits are not necessarily unique because it is possible to fit an arbitrary number of defects. The lifetime as a function of X for each state is shown for the two defects, and the reciprocal combination of the two defects is also shown. We see that the reciprocal combination (solid line) fits the SRH lifetime (blue open circles) data well. The mean squared error is 2.54 μs 2 for the degraded wafer, 4.59 × 10 −3 μs 2 for the undegraded wafer. We observe in both wafers that there seems to be a dominant defect (dashed) that closely follows the SRH lifetime data and a secondary (dotted) defect that together limit the lifetime. There appear to be at least three distinct defects: 1) the secondary defect in the undegraded state; 2) the primary defect in the degraded state; 3) the primary defect in the undegraded state, which may be the same defect as the secondary defect in the degraded state. For the dominant defect curve (dashed line) in each state, similar to the approach in [15] , we calculate k as a function of E by solving the parameterized SRH equations [14] with known inputs including the equilibrium carrier concentrations, carrier thermal velocities, and the densities of states for the conduction and valence bands. The resulting curves are shown in Fig. 11 . Note that these curves are not definitive because we fit to one lifetime curve at a single doping level and temperature. Defects with values of k and E available in the literature [20] - [29] are plotted with the curves. Other defects with parameters available in the literature that lie outside the bounds of the axes in Fig. 11 do This analysis indicates that in the undegraded state, the dominant defect either has electron and hole capture cross sections that are symmetric (k ∼ 1.4) or is very close to the valence band. Conversely, the dominant defect characterized in the degraded sample has a ratio of electron to hole capture cross sections ∼ 28.5. Some candidates for lifetime-limiting impurities in the degraded state include the Ti double donor, the Mo donor, and the W donor. In addition, charged nanoprecipitates [30] and extended defects, including dislocations [31] , have also been known to exhibit similarly large k values.
V. DISCUSSION
The extrinsic impurity atoms identified in the IDLS analysis (k ∼ 28.5, i.e., Ti i , Mo i , W s ) diffuse slowly in silicon especially at temperatures between 60 and 200°C. Therefore, it is unlikely that the defect that causes LID involves significant diffusion of these species-although they may still be involved as mostly static atoms. In light of this information and to inspire further experiments, we discuss possible root causes of LID that appear to be consistent with our experimental observations.
A. Case for a Metastable Deep-Level Donor
To review the principal observations from previous sections, the PERC LID observed in our study appears to have a strong bulk component affected by the wafer origin, as mc-Si wafers of different qualities exhibit different degrees of LID. μ-PCD lifetime mapping reveals uniform lifetime degradation during LID, suggesting a ubiquitous defect consistent with a point defect. SRH lifetime spectroscopy analysis indicates the best fit for the dominant defect in the degraded state has a k ∼ 28.5.
This high k value is suggestive of a positively charged defect (e.g., ionized donor or charged nanoprecipitate), to which negatively charged minority carriers in p-type silicon experience a Columbic attraction. If an impurity is involved, the electrically active impurity concentration in the finished device would depend on the as-grown impurity concentration in the wafer and the effectiveness of gettering, firing, and passivation.
B. Possible Root Causes for Light-Induced Degradation
While we cannot confidently pinpoint the defect responsible for LID with the available data, we constrain the range of possible solutions based on our observations, especially the k-E t relationships shown in Fig. 11 . In the following, we articulate two working hypotheses (conjectures) that are consistent with these experimental data presented. Both possibilities rely on the fact that the electron quasi-Fermi energy (i.e., excess electron density) is higher at the open-circuit condition in a PERC than in an Al-BSF cell [32] ; thus, deep-level donor states have a higher probability of being occupied, i.e., in a neutral charge state. When the sample is held in the dark at open circuit, the electron quasi-Fermi energy level moves toward midgap, and deep-level donor point defects have a higher probability of being in a positive charge state. Annealing at 200°C provides the thermal activation energy necessary for diffusion and/or configurational changes to occur reversibly.
1) Conjecture 1: A Point-Defect Complex Involving a Hydrogen Atom and a Deep-Level Donor:
The observed LID may involve a slowly diffusing deep-level impurity with a large (k ∼ 28.5) electron capture cross section (i.e., a charged donor or double-donor), which is ubiquitously distributed in the wafer. This defect is present in the as-grown wafer, limiting the prefiring lifetime (see Fig. 8, top row) .
After metallization firing, hydrogen is released from the SiN x layer into the bulk [33] , passivating the defect. Lower firing temperatures are reported to result in greater hydrogen concentrations remaining in the bulk, whereas more hydrogen is reported to effuse from the bulk at higher firing temperatures [34] , [35] . It is known from the literature that hydrogen passivation rarely completely removes defect energy levels from the middle of the bandgap; rather, interaction with hydrogen reduces their capture cross sections [36] - [43] .
As the electron quasi-Fermi energy approaches the conduction band at illuminated open-circuit condition in a PERC, the charge state of one or more of the atoms involved in this passivated complex changes, resulting in the hydrogen dissociating from the deep-level defect and reducing defect passivation.
When the sample is annealed in the dark, the electron quasiFermi energy returns closer to the valence band, and the atoms involved in complex formation are again in their original charge states, hydrogen reassociates with the deep-level donor, and lifetime recovers.
Assuming the LID observed in Figs. 2 and 3 is of similar mechanism, then LID can be minimized by increasing wafer purity or by increasing the amount of hydrogen released into the wafer (lower metallization firing temperatures).
The regeneration under illumination observed by Kersten et al. [6] cannot be fully explained by Conjecture 1. We note that lifetime recovery has been observed in the case of other defects (e.g., B-O), and hydrogen is believed to play a role [44] - [48] . Although experimental evidence points against the possibility that B-O is the underlying defect in mc-PERC LID, there may well be elements of the B-O literature that transfer to other deep-level defects passivated by hydrogen. These hypotheses should be testable by controlling the amount and charge state of hydrogen [49] , as has been shown to be effective for dislocations and other defects [48] , [50] , [51] .
2) Conjecture 2: Configurational Change of a Point-Defect Complex Involving Fast-Diffusing Impurities: Copper forms a positively charged (donor) point defect in p-type silicon at thermal equilibrium [52] . The charge state of Cu can be changed from positive to neutral by increasing the electron quasi-Fermi energy, e.g., via n-type doping [53] . In cases of high copper concentration, this is shown to enhance Cu precipitation into Cu 3 Si [54] . The large reaction energy barrier of precipitate formation and silicon self-interstitial formation [55] , [56] is likely irreversible given the thermal budget and time constants we observe. However, the formation of point-defect complexes involving several Cu atoms [57] may be reversible, and these complexes may be recombination active [58] . The migration enthalpy of Cu is sufficiently low that it is observed to migrate through silicon wafers at room temperature when unpaired with boron (i.e., electron quasi-Fermi energy is close to the conduction band, and Cu point defects are predominantly neutral) [59] . We note that in [60] and [61] , similar magnitudes and time constants of degradation of minority carrier lifetime at 27°C for Ga-doped Cz-Si wafers intentionally contaminated with copper [60] , [61] are reported. If the mechanism indeed involves a Cu complex, while it is clear that a higher purity wafer would result in lower LID, it is less clear what role metallization firing temperature could play, other than to determine the solubilities and diffusivities of bulk impurities.
C. Outlook
It is conceivable that further experiments involving intentional contamination, hydrogen passivation, or complete lack thereof, and temperature-dependent lifetime spectroscopy are likely to identify not one, but a family of related PERC LID defects with similar underlying mechanisms. The role of the higher injection level (excess electron density) in PERC relative to Al-BSF cells at MPP and V OC is likely to play a role.
As next-generation crystalline silicon devices trend toward even higher injection levels (thinner absorbers, better contacts), it is likely this or related LID defects will reappear if this mechanism is not controlled. It is, therefore, critical to pinpoint the defect(s) that cause LID and eliminate them, either through modifications of wafer quality or cell fabrication.
VI. CONCLUSION
We present two engineering solutions that mitigate LID in p-type multi-PERC: 1) conduct contact metallization firing at lower peak temperatures or 2) change mc-Si wafer quality. After reducing LID, module-level measurements indicate comparable annualized energy yields for both mc-Si PERC and Al-BSF during a six-month field test.
To elucidate the root cause(s) of PERC LID, we conduct experiments with semifabricates and light soaking. By stripping the emitter and dielectric layers and measuring bulk minoritycarrier lifetime with HF surface passivation before and after light soaking, we demonstrate that LID has a strong bulk component. This increase of bulk recombination activity occurs ubiquitously throughout the wafer. The LID is exacerbated by higher peak firing temperatures, which are known to both increase bulk impurity distributions and reduce bulk hydrogen concentrations. The reversible lifetime recovery upon low-temperature annealing suggests a low-reaction energy barrier, such as a local configurational change or migration of a fast-diffusing species.
Regarding the underlying defect(s) responsible for LID, we constrain the solution space based on our observations. In the degraded state, IDLS identifies an asymmetry of electron and hole capture cross sections of k ∼ 28.5 for the dominant defect. These data are consistent with deep-level donor point defects, charged nanoprecipitates [29] , or charged structural defects, such as dislocations [30] . Higher injection levels at the open-circuit condition in PERC relative to Al-BSF may help explain the larger LID in mc-Si PERC. We note that as device architectures improve and wafer thicknesses decrease, higher injection levels are expected, suggesting that a continuously improving LID mitigation strategy may be advised.
